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Dynamic Gating of Spike Propagation
in the Mitral Cell Lateral Dendrites
of mitral cell populations (Macleod and Laurent, 1996;
Shepherd and Greer, 1998; Mori et al., 1999).
Despite these critical roles, it remains unclear how
Wenhui Xiong and Wei R. Chen1
Yale University Department of Neurobiology
333 Cedar Street, C303 SHM
New Haven, Connecticut 06520 the spatial extent of lateral inhibition is dynamically regu-
lated for the processing of different glomerular patterns.
As we know, different odorants activate different but
overlapping sets of olfactory glomeruli, and each glo-Summary
merulus can be involved in representing multiple odor-
ants (Zhao et al., 1998; Krautwurst et al., 1998; MalnicA unique feature of the olfactory bulb circuit is the long
et al., 1999; Rubin and Katz, 1999; Uchida et al., 2000;projection of the mitral cell lateral dendrites. Through
Meister and Bonhoeffer, 2001). This distributed anddendrodendritic reciprocal synapses, these dendrites
combinatorial coding strategy requires dynamic interac-connect one olfactory glomerular module to hundreds
tion among a wide range of glomerular modules.of others; but the functional principles governing these
One possible mechanism to regulate the pattern ofextensive lateral interactions remain largely unknown.
lateral inhibition is through control of action potentialHere we report that the spatial extent of action poten-
propagation in the mitral cell secondary dendrites. Bytial propagation in these dendrites is dynamically regu-
regulating the extent of propagation, different subsetslated by inhibitory synapses distributed along the den-
of dendrodendritic synapses may be activated, whichdrites. The extent of propagation determines the
leads to inhibition of the mitral cells in different glomeru-spatial pattern of Ca2 influx and thus the range and
lar modules. This hypothesis, although widely assumed,number of dendrodendritic synapses to be activated.
has not been tested experimentally. There is so far littleAccordingly, network control of spike traffic in the
knowledge regarding spike propagation in these longmitral cell lateral dendrites can mediate dynamic inter-
secondary dendrites and its interactions with dendro-action with different combinations of glomerular mod-
dendritic reciprocal synapses. One relevant study is aules in response to different odorants.
recent publication reporting that action potential propa-
gation in the secondary dendrite attenuates rapidly with
Introduction distance: the propagation of a single spike stops at
300–500 m from the soma, and even a train of action
Recent advances in molecular biology and functional potentials can only travel 200–300 m further (Margrie
imaging have established that odor information is en- et al., 2001). Assuming that the action potential is essen-
coded as spatial patterns of activated glomeruli on the tial for the activation of dendrodendritic synapses, this
olfactory bulb surface (Leveteau and Macleod, 1966; short range of propagation confines lateral inhibition
Stewart et al., 1979; Mombaerts et al., 1996; Friedrich only to the proximal half of the secondary dendrite. It
and Korsching, 1997; Rubin and Katz, 1999; Uchida et raises a question of how the distal half of the dendrite
al., 2000; Johnson and Leon, 2000; Meister and Bon- performs its function.
hoeffer, 2001). How these glomerular coding patterns In the present study, we have analyzed action poten-
are subsequently transformed by the olfactory bulb den- tial propagation in the mitral cell secondary dendrites
drodendritic network has become a critical question for and its interactions with dendrodendritic reciprocal syn-
further understanding of odor discrimination and recog- apses. The results indicate that a single action potential
nition. can actually propagate throughout the entire length of
As a major component of the olfactory bulb dendritic secondary dendrites. We also present direct experimen-
circuit, the lateral dendrites (termed secondary den- tal evidence for the hypothesis that inhibitory synapses
drites) radiating from an individual mitral cell extend for distributed along the secondary dendrites can dynami-
a long distance (1000–1500 m) and cover one third to cally regulate the extent of spike propagation, which in
almost half of the bulbar circumference (Mori et al., 1983; turn determines the spatial pattern of Ca2 influx in these
Orona et al., 1984). Along these dendrites are distributed presynaptic dendrites and thus the range and number of
numerous dendrodendritic reciprocal synapses formed dendrodendritic synapses to be activated for mediating
with dendritic spines of inhibitory granule cells (Shep- lateral interactions with different sets of glomerular
herd and Greer, 1998). The large projection field and modules.
extensive reciprocal synaptic connections enable the
secondary dendrites to mediate lateral inhibition be- Results
tween one activated glomerular module and up to sev-
eral hundred out of a total of 2000 modules. This Action Potential Propagation in Secondary
widespread lateral inhibition plays important roles in Dendrites
transforming glomerular coding patterns for odor dis- The first question we addressed is whether action poten-
crimination (Yokoi et al., 1995; Luo and Katz, 2001) as tial can propagate actively through the entire length of
well as in synchronizing odor-evoked rhythmic activities the mitral cell secondary dendrite. By injecting a Ca2-
sensitive dye (Oregon Green-488 BAPTA-1, 50–150 M)
into recorded mitral cells, the secondary dendrites could1Correspondence: chen-wei@yale.edu
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Figure 1. Full-Length Propagation of Na Action Potential in the Mitral Cell Secondary Dendrite
(A) In response to an action potential evoked at the soma by depolarizing current injection (0.3 nA, 20 ms), a Ca2 increase was observed
throughout the entire secondary dendrite. The bead-like structures along the dendrite shown here and in other figures were caused by
photodamage when taking detailed images at the end of the experiment. They were absent in earlier Ca2 imaging study.
(B) Distribution of the spike-evoked Ca2 increase along secondary dendrites. Ca2 signals were sampled every 50 m from the origin of a
dendrite, and background was subtracted at each sampling site in order to correct uneven distribution of auto-fluorescence. To avoid
arbitrariness in outlining areas for background subtraction, the relative position between background and dendritic sampling area was kept
constant throughout the dendrite. All Ca2 signals from the same dendrite were normalized as a ratio to their mean, and then data from ten
mitral cells were averaged at each sampling distance.
(C) Effect of temperature on dendritic distribution of the spike-evoked Ca2 signals. The ratio of Ca2 response at 1000 m to that at 50 m
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be visualized in the olfactory bulb tissue slices for a long recordings in which patch-clamp seal and break-in were
well established, with a series resistance less than 3-folddistance (up to 1470 m). In response to a single action
potential evoked at the soma by depolarizing current of the original pipette resistance, the recorded action
potentials generally had a large amplitude, no matterinjection, a Ca2 transient was observed in the second-
ary dendrite, from the soma all the way to its distal how far the recording site was from the soma (Figures
2A, 2B, and 2C, also see Figure 5A). Plotting the ampli-end, suggesting that the action potential was able to
propagate through the full range of the dendrite (n  tude of these action potentials as a function of recording
distance revealed that action potential propagation in31) (Figure 1A, also see imaging data in all control experi-
ments in Figures 1 and 3). To analyze and compare secondary dendrites had little attenuation over distance
(only 1.2 mV decrease per 100 m according to linearthe distribution of Ca2 response in different secondary
dendrites, the amplitude of F/F was sampled every 50 regression in Figure 2C, n  17). The correlation coeffi-
cient between spike amplitude and recording distancem along each dendrite, and was then normalized as a
ratio to the F/F averaged for the whole dendrite. Figure had a low value (R2 0.066), and the slope of the line
fitted in Figure 2C was not significantly different from1B summarizes the results from ten secondary dendrites
with their lengths over 1000 m. Plotting the normalized zero (p  0.32). These results provide further evidence
that the secondary dendrite can support nonattenuatingF/F against distance from the soma revealed an even
distribution of Ca2 increase throughout these den- and full-length propagation of Na action potentials.
We also measured the spike propagation velocity viadrites. The ratio of Ca2 response at 1000 m to that at
50 m was 0.99  0.20 (n  10). Increasing the slice- dividing recording distance by spike peak timing differ-
ence between the soma and dendritic recording site.recording temperature from 25C to 36C did not affect
this ratio significantly (0.94  0.16, n  5; p  0.61) The somatofugal conduction velocity was 0.2 0.1 m/s
in the secondary dendrites (n  8), which was much(Figure 1C). These results suggest that action potential
propagation is maintained throughout the entire sec- slower than that in the primary dendrite (1.0  0.1 m/s)
measured under similar conditions (Bischofberger andondary dendrite both at room and body temperature.
To test further that the spike-evoked Ca2 transient Jonas, 1997).
was due to active propagation rather than passive elec-
trotonic spread, a puff pipette with 1–2 m tip diameter Dynamic Gating of Spike Propagation
by Synaptic Inhibitionwas placed close to a visualized secondary dendrite,
and a small amount of tetrodotoxin (TTX, 100 M) was Along the secondary dendrites, there is a widespread
distribution of dendrodendritic reciprocal synapsesejected to block Na channels locally at the site of the
pipette. As shown in Figure 1D, in control experiments, formed with inhibitory granule cells. The granule cell
dendrite releases GABA onto the mitral cell secondaryan action potential was evoked at the soma and propa-
gated into the secondary dendrite, causing Ca2 re- dendrite to mediate both feedback and lateral inhibition
(Shepherd and Greer, 1998). To test if a local inhibitionsponse throughout the entire dendrite. Focal application
of TTX completely abolished the Ca2 response in the of the secondary dendrite can gate action potential
propagation, we carried out two sets of experiments. Indendritic sites distal to the puff pipette, and such an
effect was reversible via TTX wash out. This local the initial set of experiments (n  5), one or two puff
pipettes containing 1 mM GABA were placed at differentblocking action of TTX was observed in all tested cells
(n  12), with the puff pipette located as far as 800 m locations along the secondary dendrite. As shown in
Figure 3Aa, in control experiments, an action potentialfrom the soma. Thus, a fast Na action potential can
propagate actively throughout the secondary dendrite. evoked at the soma invaded the secondary dendrite and
caused a Ca2 response throughout the dendrite. WhenWe next carried out patch-clamp recordings directly
from the mitral cell secondary dendrites to analyze their the somatofugal action potential was evoked immedi-
ately after a local ejection of GABA through the puffaction potential waveform. For a recording distance up
to600 m from the soma, we always observed narrow pipette (upper trace in Figure 3Ab), the Ca2 response
was abolished in the dendrite near and distal to the puffNa spikes, with no Ca2 spikes recorded with our nor-
mal pipette solution containing K-gluconate (n  25) pipette (Figure 3Aa), suggesting that the GABA-induced
inhibition was able to block action potential propaga-(Figures 2A and 2B). The small diameter of secondary
dendrites made it difficult to get high-quality recordings tion. By changing the position of GABA ejection (e.g.,
from Pipette I to Pipette II in Figure 3A), the action poten-for accurate measurement of action potential amplitude.
We found that the spike amplitude depended critically tial-blocking site moved correspondingly.
We then tested if natural synaptic inhibition couldon recording conditions. As the series resistance in-
creased, the amplitude of recorded action potentials regulate the extent of spike propagation in a similar way.
One stimulating electrode was placed in the granule celldecreased dramatically (Figure 2B). However, in those
revealed that an action potential was able to propagate through the entire secondary dendrite at both room and body temperature.
(D) Ca2 increase in the secondary dendrite was induced by somatofugal propagation of a Na action potential. In the control experiment,
an action potential evoked at the soma induced a Ca2 increase all the way through the dendrite. Applying TTX locally to the middle of the
dendrite abolished Ca2 increase at dendritic sites distal to the TTX pipette. This blocking effect was reversed following wash-out. The two
action potentials shown in lower-left corner reveal that, despite the dramatic difference in distal Ca2 responses, similar action potentials
were evoked at the soma in the control and TTX experiments. The current pulses used to evoke action potentials were 0.5 nA and 20 ms.
TTX (100 M) was ejected with ten pulses of air pressure (24 psi, 100 ms) delivered at 2 Hz.
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Figure 2. Spike Propagation in the Secondary Dendrite Shows Little Amplitude Attenuation
(A) Dual-patch recordings were made simultaneously from the soma and a secondary dendrite at 152 m distance. An action potential was
evoked at the soma by current injection (0.4 nA, 20 ms), which then propagated into the secondary dendrite. Note that the spike amplitude
recorded at the dendritic site was similar to that at the soma.
(B) Different recording conditions can lead to a large variation in spike amplitude recorded from secondary dendrites. With a small pipette
series resistance (Rs/Re  1.7), the recorded action potential had a large amplitude (upper trace). As the series resistance increased over
time (20 min), the spike amplitude decreased dramatically (lower trace). The two traces were recorded by injecting 110 pA current pulses into
the dendrite at 394 m from the soma.
(C) To reflect the real spike amplitude, data analysis was restricted to the dendritic recordings (n  17) in which the ratio of series resistance
to original pipette resistance was less than three. Plotting spike amplitude as a function of recording distance shows little spike attenuation
along the secondary dendrite. The distribution of spike amplitude over distance was fitted by a linear function (Y  74.07  0.012X), which
revealed only 1.2 mV amplitude decrease for every 100 m distance.
layer, at a position close to the midway of the secondary drite can activate feedback inhibition which may block
subsequent spike propagation. To address this possibil-dendrite so that a local synaptic inhibition could be
evoked from the underlying granule cells (Figure 3B). As ity, the distal terminals of secondary dendrites were
imaged with a low-affinity Ca2 dye (500 M Oregona control without synaptic inhibition, an action potential
initiated at the soma was able to propagate through the Green-488 BAPTA-6F, Kd  3000 nM) while a train of
action potentials (40 Hz) was evoked at the soma. In theentire length (1220 m) of the secondary dendrite, as
evidenced by widespread Ca2 response in Figure 3Ba. artificial cerebrospinal fluid (ACSF) containing 1.3 mM
Mg2, action potentials evoked in six out of ten mitralHowever, when the somatofugal action potential was
paired with an inhibitory postsynaptic potential (IPSP) cells were predominantly followed by a brief afterhyper-
polarization (Figure 4A, left column), which was not af-evoked in the midway of the secondary dendrite (Figure
3Bb), the Ca2 response was confined to the proximal fected by GABAA receptor antagonist (30 M bicuculline
methiodide plus 20 M CNQX and 100 M APV, datahalf of the dendrite, leaving the distal half unresponsive
(Figure 3Ba) (n  11). These experiments suggest that not shown). This suggests that feedback inhibition was
compromised in the isolated slice preparation (Margrieaction potential propagation in the mitral cell secondary
dendrites can be dynamically gated by inhibitory gran- et al., 2001), presumably owing to a critical role of NMDA
receptors in the reciprocal synaptic circuit and the lackule-to-mitral cell synapses distributed along the den-
drites. of network activity in slice preparation to overcome Mg2
blockade of the NMDA receptors (Isaacson and Strow-Given that the dendrodendritic synapses on second-
ary dendrites are always arranged in a reciprocal man- bridge, 1998; Schoppa et al., 1998; Chen et al., 2000).
In these recordings, because of the slow Ca2-imagingner, one would expect that during repetitive firing early
action potentials propagating through the entire den- speed, we were not able to separate individual Ca2
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Figure 3. Dynamic Gating of Action Potential Propagation by Local Synaptic Inhibition
(A) Focal application of GABA to the secondary dendrite can stop action potential propagation at different dendritic sites. Two puff pipettes
with 1–2 m tip diameter and containing 1 mM GABA were placed along a dendrite. In control experiment, an action potential was evoked
at the soma by depolarizing current injection. As shown in (a), this action potential propagated into the secondary dendrite and caused Ca2
response throughout the dendrite (from site 1 to 5). When the somatic spike was preceded by a local ejection of GABA from Pipette I, the
Ca2 response near and distal to Pipette I (sites 4 and 5) was abolished while leaving the proximal response (sites 1–3) unaffected. When
GABA ejection was switched to Pipette II, the spike-evoked Ca2 response was observed only in the dendrite proximal to Pipette II (site 1),
leaving most part of the dendrite unresponsive (sites 2–5). In (b), the upper green trace was somatic membrane potential response to GABA
ejection from Pipette II and a subsequent current pulse injection. The lower three traces were superimposed action potentials evoked in the
control, Pipette I, and II GABA ejection. GABA was puffed with a single pulse of pressure (18 psi, 100 ms). The current pulses used to evoke
the three action potentials were 0.2 nA and 20 ms.
(B) Gating of spike propagation by local inhibitory synaptic input. A concentric bipolar electrode with 25 m tip diameter was placed in the
granule cell layer, and an electric shock (0.08 mA, 0.2 ms) was delivered to evoke synaptic inhibition in the middle of the secondary dendrite.
In control experiment shown in (a), current injection at the soma evoked an action potential, which propagated through the entire dendritic
length (1220 m) and induced widespread Ca2 response (from site 1 to 7). When the somatofugal action potential was preceded by an IPSP
evoked in the middle of the dendrite, Ca2 response was recorded only in the dendrite proximal to the stimulating electrode (sites 1–3),
indicative of a blocking action of the IPSP on spike propagation. The two traces shown in (b) are recordings from the soma in the control
and IPSP experiments, in which a current pulse of 0.5 nA and 0.8 nA was delivered, respectively. Note that the somatic action potentials were
of the same amplitude in these two recordings, suggesting that the effect of the IPSP was not due to a direct suppression of the somatic
action potential but rather to the blockade of propagation.
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Figure 4. Effects of Dendrodendritic Feedback Inhibition on Action Potential Propagation
(A) Trains of action potentials were evoked in the mitral cell soma to test if feedback inhibition induced by initial spikes could block the
propagation of later spikes. Left column shows three recordings in which 5, 10, and 15 action potentials were evoked by 0.4 nA current pulses
delivered at 40 Hz. In normal ACSF containing 1.3 mM Mg2, these action potentials were predominantly followed by a brief afterhyperpolariza-
tion, which was resistant to 30 M bicuculline methiodide, 20 M CNQX, and 100 M APV (data not shown). Middle column shows the
corresponding Ca2 responses recorded at a distal dendritic terminal with a low-affinity Ca2 indicator. Right panel illustrates a strong linear
correlation between Ca2 responses at dendritic terminals and number of action potentials (R2  0.98, Y  0.13  0.06X), suggesting that
the full-range propagation was maintained during repetitive firing when feedback inhibition was absent. For each secondary dendrite, all peak
values of F/F were normalized as a ratio to the value induced by 15 spikes. After normalization, the data from six mitral cells were pooled
as mean  SD.
(B) To test the effect of feedback inhibition, Mg2 was removed from the ACSF, which revealed an action potential-evoked feedback IPSP
(indicated by an arrowhead, left trace). A Ca2 transient was recorded at 1150 m from the soma, indicative of a full-range spike propagation.
When two action potentials were evoked in the mitral cell soma, the distal Ca2 response had the same amplitude as that induced by a single
spike (middle traces). Adding Mg2 back into the ACSF blocked the feedback IPSP and meanwhile doubled the Ca2 response to the two
action potentials (right traces). The current pulses used to evoke the first and second spike were 0.2 nA/20 ms and 0.7 nA/5 ms, respectively.
responses to each action potential. However, the overall (Jahr and Nicoll, 1982). Under these conditions, a single
action potential evoked at the mitral cell soma was alsoCa2 response in the distal dendritic terminal increased
as more action potentials were evoked (Figure 4A, mid- able to propagate throughout the secondary dendrite,
inducing Ca2 transient in a distal terminal 1150m fromdle column). There was a good linear correlation (R2
0.98) between the distal Ca2 response and number of the soma (Figure 4B, left two traces). The action potential
was followed by a long-lasting feedback IPSP, whichaction potentials (Figure 4A, right panel; n  6), sug-
gesting that without feedback inhibition, the full-range was sensitive to both GABA- and glutamate-receptor
antagonists (Chen et al., 2000). When two action poten-propagation of action potentials can be maintained dur-
ing repetitive firing. In the remaining four mitral cells that tials were evoked at the soma, with the second spike
timed at the peak of the feedback IPSP induced by thedid not show such a linear correlation, the distal Ca2
response started to level off as the number of action first spike, the amplitude of Ca2 increase in the distal
terminal appeared to be the same as that induced bypotentials increased. Applying 30 M bicuculline methi-
odide to these cells yielded no consistent results. only one spike (Figure 4B, middle two traces). The ratio
between the two and one spike-induced Ca2 increasesTo facilitate the occurrence of feedback inhibition in
the bulbar slices, Mg2 ions were omitted in the ACSF was 1.0  0.1 (n  4). However, as 1.3 mM Mg2 was
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washed in to abolish the feedback IPSP, the amplitude 33.8 0.8 mV (n 5) (Figure 5B, lower panel), which is
consistent with the involvement of high-threshold Ca2of Ca2 transient in response to the same two action
potentials was doubled (Figure 4B, right two traces), channels in triggering glutamate release from the sec-
ondary dendrite (Isaacson and Strowbridge, 1998; Chenwith an average ratio of 1.9  0.2 (n  4). These results
suggest that feedback inhibition evoked by the first et al., 2000). There are no excitatory synapses on sec-
ondary dendrites (Price and Powell, 1970), and the feed-spike could block the propagation of the second spike
to the distal dendrite. back or lateral excitation of these dendrites by gluta-
mate spillover is generally small with normal Mg2
concentration (Friedman and Strowbridge, 2000; Mar-Role of Spike Propagation in Dendrodendritic
grie et al., 2001; Salin et al., 2001). Both in vivo (CharpakSynaptic Communication
et al., 2001) and our in vitro recordings have revealedThe third question we attempted to answer is whether
an absence of Ca2 spikes in the secondary dendritethe different extents of spike propagation can lead to
under physiological conditions. Therefore, it appearsthe activation of different ranges of dendrodendritic syn-
that only Na action potentials propagating from theapses along the secondary dendrite. To address this
mitral cell soma can exceed this high threshold andquestion, we have analyzed if spike propagation is es-
activate the dendrodendritic synaptic output.sential for activating dendrodendritic synapses in these
dendrites. Since each excitatory mitral-to-granule cell
synapse is always paired with an inhibitory granule-to- Discussion
mitral cell synapse, we decided to use feedback inhibi-
tion via this reciprocal synaptic circuit as the readout of Attenuating and Nonattenuating Spike
Propagationthe activation of dendrodendritic output from a recorded
secondary dendrite. However, as mentioned above, the Our results indicate that the mitral cell secondary den-
drites resemble the primary dendrite in supporting full-occurrence of feedback inhibition is conditional. It re-
quires the activation of NMDA receptors on the granule length and nonattenuating propagation of Na action
potentials (Bischofberger and Jonas, 1997; Chen et al.,cell dendrite, which depends not only on glutamate re-
lease from the secondary dendrite but also on postsyn- 1997). This conclusion differs from a recent publication
by Margrie et al. (2001), in which spike propagation in theaptic depolarization of the granule cell (Isaacson and
Strowbridge, 1998; Schoppa et al., 1998; Chen et al., secondary dendrite was found to attenuate in amplitude
and a single action potential was estimated to stop at2000). In order to make the feedback IPSP reflect directly
dendrodendritic output from the secondary dendrite, 300–500 m from the soma. In our patch-clamp experi-
ments, action potentials with large amplitude have beenMg2 ions were excluded from the ACSF so that the
activation of NMDA receptors relies only on glutamate recorded for a distance as far as 560 m from the soma
(Figure 2C). One possible reason for such a differencerelease from the secondary dendrite.
Whole-cell recordings were made directly from the could be recording conditions. In their results, the re-
corded spike amplitudes varied dramatically even at themitral cell secondary dendrites, and a series of depolar-
izing current pulses of increasing amplitude were in- same distance (70–80 m). Over this short distance, the
invasion of action potentials from the soma should bejected to test if the dendrodendritic reciprocal synapses
could be activated by a subthreshold depolarization very reliable, owing to a strong driving current provided
by the large somatic membrane. The variation in spikewithout the presence of action potentials. As shown in
Figure 5A, at a recording site up to 416 m from the amplitude is thus more likely due to a variation in re-
cording conditions, as exemplified in our Figure 2B.soma (upper panel), a subthreshold depolarization at
any level was not able to activate the reciprocal syn- Most of their dendritic recordings were made around
100 m from the soma while only two were from longerapses to evoke a feedback IPSP (lower panel, red
traces). The feedback IPSP was found always to be distances (200m). The small spike amplitude at these
two recording sites influenced critically the angle ofassociated with a preceding action potential (lower
panel, green traces) (n 12). These IPSPs were blocked curve fitting and thus their conclusion. However, these
small amplitudes could be due to the tapering of theby GABAA receptor antagonists (40M bicuculline meth-
iodide, n  6; or 40 M SR-95531, n  5), indicating secondary dendrite, which increases the difficulty to get
high-quality recordings at longer distances. It is not clearthat they were not the spike afterhyperpolarization medi-
ated by Ca2-activated potassium channels (Lancaster why their Ca2 imaging experiments did not reveal a
spike-evoked Ca2 response in the distal dendrites. Itand Nicoll, 1987).
Voltage-clamp experiments were further performed could be due to the health of recorded mitral cells. It
should be noted that the single spike-induced Ca2 sig-to determine the membrane potential threshold for the
secondary dendrite to release glutamate to activate the nal in their recordings is smaller than in ours (3.2% 
0.4% versus 15.6%  7.4%), which may affect theirreciprocal synapses. With Na currents blocked by 1
M TTX in the bath and K currents blocked by 120 detection of distal signals. To confirm further the full-
range spike propagation, we have also performed volt-mM Cs and 10 mM TEA in the pipette solution, brief
depolarization pulses with increasing amplitude were age-sensitive dye imaging of secondary dendrites, in
which narrow action potentials were directly detectedused to activate the reciprocal synapses to induce a
feedback inhibitory postsynaptic current (IPSC) (Figure at a distance more than 1000 m from the soma (M.
Djurisic, S. Antic, W.R.C., and D. Zecevic, unpublished5B, upper panel). Plotting the feedback IPSC as a func-
tion of depolarization amplitude revealed that the acti- data).
The effective propagation of action potentials in bothvation threshold for dendrodendritic synapses was
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Figure 5. Spike Propagation Is Essential for Activating Dendrodendritic Synapses on the Secondary Dendrite
(A) To test if the dendrodendritic reciprocal synapses can be activated physiologically without the presence of action potentials, depolarizing
current pulses with increasing amplitude were injected into the secondary dendrite (at 416 m from the soma) to induce different sizes of
sub- and supra-threshold responses. The subthreshold depolarization, at any level, was not able to evoke a feedback IPSP (red traces); while
the occurrence of feedback IPSP (blocked either by bicuculline or SR-95531, data not shown) was always associated with a preceding full-
size action potential (green traces). The amplitudes of current injection were 60, 80, 90, 100, and 110 pA.
(B) To reveal the activation threshold of dendrodendritic output from the secondary dendrite, voltage-clamp recording was performed with
Na currents blocked by 1 M TTX in the ACSF and K currents blocked by 120 mM Cs and 10 mM TEA in the pipette. Upper panel, a
series of pulse depolarizations from 70 mV to different levels were applied to a mitral cell to activate the reciprocal synapses for evoking a
feedback IPSC. All traces were single recordings without averaging. Lower panel, voltage dependence of the feedback IPSC was obtained
by averaging the data from five cells at each voltage step.
All experiments in (A) and (B) were carried out with Mg2 ions excluded from the ACSF to facilitate the occurrence of feedback inhibition (see
text).
the primary and secondary dendrites may represent an late the extent of action potential propagation. However,
feedback inhibition mediated by dendrodendritic recip-adaptation to special functions of these dendrites. Given
the presence of dendrodendritic synapses, one impor- rocal synapses has been reported to be very weak in
the slice preparation, owing to a critical involvementtant role of spike propagation is to trigger dendritic re-
lease of neurotransmitters (as shown in Figure 5). The of NMDA receptors (Isaacson and Strowbridge, 1998;
Schoppa et al., 1998; Chen et al., 2000). This raises afull-range propagation can ensure the activation of den-
drodendritic synapses located at the distal glomerular question of whether synaptic inhibition of action poten-
tial propagation can actually happen under physiologi-tuft of the primary dendrite as well as distributed along
the entire secondary dendrites, which extend even cal conditions such as during in vivo olfactory pro-
cessing. It should be noted, however, that the inhibitorylonger than the primary dendrite. It is interesting to note
that action potential propagation in the dendrites releas- granule-to-mitral cell synapse not only mediates the de-
ndrodendritic feedback and lateral inhibition, but alsoing dopamine or GABA also retains its amplitude
throughout the dendritic length (Ha¨usser et al., 1995; mediates the inhibition from the granule cells that are
excited by centrifugal fibers from higher olfactory cen-Martina et al., 2000), while propagation in postsynaptic
dendrites of many other neurons (such as cerebellar ters as well as by axon collaterals of mitral/tufted cells
(Shepherd and Greer, 1998). In the latter cases involvingPurkinje cell and cortical pyramidal neuron) attenuates
with distance (Llina´s and Sugimori, 1980; Stuart and axon terminals, inhibitory synaptic inputs to the mitral
cell secondary dendrite can be activated without theSakmann, 1994; Spruston et al., 1995; Larkum et al.,
1996; Williams and Stuart, 2000). requirement of NMDA receptor activation.
Even for the dendrodendritic feedback inhibition, the
in vivo situation appears to be quite different from thatGating of Spike Propagation by Synaptic Inhibition
One major point of this study is that inhibitory synaptic in the slice preparation. There is a tremendous amount
of network activity in the intact olfactory bulb. Espe-inputs distributed along secondary dendrites can regu-
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cially, the respiration-locked slow oscillations can bring
the mitral and granule cells simultaneously into large-
depolarization phases, during which clusters of action
potentials were fired at high frequency (Onoda and Mori,
1980; Sobel and Tank, 1993; Luo and Katz, 2001). This
synchronized excitation between mitral and granule cell
may provide a physiological mechanism to remove the
Mg2 blockade of NMDA receptors. Actually, IPSPs with
large amplitudes have been recorded in a number of in
vivo studies (Hamilton and Kauer, 1989; Wellis et al.,
1989; Ezeh et al., 1993). An interesting consequence of
the critical involvement of NMDA receptors is that not
all of the reciprocal synaptic pairs on a secondary den-
drite are activated by an action potential propagating
from the soma, even though the propagation can induce
a full-range activation of the mitral-to-granule cell den-
drodendritic transmission. It is the coincidence between
network activity and spike propagation that determines
where and when to activate the reciprocal circuit for
feedback control of spike propagation (Chen et al.,
2000).
Our results are consistent with a couple of recent
studies on the apical dendrites of pyramidal cells. In the
hippocampus, synaptic inhibition of the apical dendrites
can attenuate the back-propagation of action potentials
(Tsubokawa and Ross, 1996). Compared with these hip-
pocampal dendrites, the secondary dendrites in the ol-
factory bulb have a smaller diameter and a much longer
spike-propagation distance. These features have al-
lowed us to demonstrate more clearly that inhibitory
synaptic inputs not only reduce the amplitude of den-
dritic spikes, but they can actually gate the propagation
at different locations. Such a gating action of inhibitory
synapses has also been demonstrated in a computer
model of neocortical pyramidal cells (Pare´ et al., 1998).
As a distinctive feature of the mitral cell, the presence
of dendrodendritic synaptic outputs from the secondary
dendrite furnishes an unusual function to the gating of
spike propagation, i.e., to regulate dynamically the spa-
tial extent of dendrodendritic signal transmission. Figure 6. A Simplified Model Summarizes the Major Results of this
Study and Illustrates the Concept of Dynamic Functional Domain
in the Mitral Cell Secondary DendritesFunctional Implications to Olfactory Processing
When a mitral cell is excited by olfactory nerve input, action potentialThe results presented in this study suggest a working
can propagate actively through the entire dendritic length to activatemodel for the mitral cell secondary dendrites. As illus-
dendrodendritic synapses (red arrows) for lateral interactions withtrated in Figure 6, while the secondary dendrites radiat- other glomeruli (upper panel). The inhibitory synaptic input to the
ing from a mitral cell have a large innervation field, their secondary dendrite (green arrow) can dynamically regulate the ex-
actual functional domain to produce dendrodendritic tent of spike propagation, which in turn determines the spatial do-
main of activated dendrodendritic synapses (red arrows) and thusoutput is subjected to constant regulation. The interac-
provides a cellular mechanism for interacting dynamically with dif-tions between spike propagation and dendrodendritic
ferent combinations of olfactory glomeruli (pink-coded) (middle andsynapses keep this functional domain expanding and
lower panels). G, glomerulus; Mi, mitral cell; Gr, granule cell; IPSP,shrinking in the context of network activity, which may inhibitory postsynaptic potential.
provide a mechanism for a mitral cell to interact dynami-
cally with other mitral cells that belong to many different
olfactory glomeruli. process. The inhibition between two glomerular mod-
ules may occur in response to one odorant but disap-This working model is relevant to several critical func-
tions of the olfactory bulb circuit. The lateral inhibition pear or become weaker to another odorant, depending
on whether the interposed granule cells are activatedmediated by secondary dendrites is considered to play
an important role in transforming olfactory glomerular to provide inhibitory synaptic inputs to those secondary
dendrites that link the two glomerular modules. Such acoding patterns. It can enhance the contrast between
activated glomerular modules and sharpen the mitral dynamic lateral inhibition may also contribute to tempo-
ral evolution of the mitral cell receptive field during odorcell tuning specificity (Meredith, 1986; Buonviso and
Chaput, 1990; Katoh et al., 1993; Yokoi et al., 1995). stimulation (Friedrich and Laurent, 2001; Luo and Katz,
2001).Our results suggest that lateral inhibition is a dynamic
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lateral secondary dendrites. For Ca2 imaging, whole-cell recordingOne striking feature of olfactory coding is that each
was made from the mitral cell soma with a patch pipette containingodorant generally activates a wide range of olfactory
50–150 M Oregon Green-488 BAPTA-1, 130 mM K-gluconate, 20glomeruli, and each glomerulus is also involved in cod-
mM HEPES, 4 mM Mg-ATP, 0.3 mM Na3-GTP (pH 7.2). In the experi-ing several different odorants (Zhao et al., 1998; Kraut- ments shown in Figure 4, Oregon Green-488 BAPTA-1 was replaced
wurst et al., 1998; Malnic et al., 1999; Rubin and Katz, with a low-affinity Ca2 dye, Oregon Green-488 BAPTA-6F (500 M).
The Kd value was 170 nM for BAPTA-1 and 3000 nM for BAPTA-6F.1999; Uchida et al., 2000; Meister and Bonhoeffer, 2001).
Generally, more than one hour was needed for the Ca2 dye toIn order to discriminate different odorants with overlap-
diffuse into the distal dendrites. The secondary dendrites could beping glomerular patterns, all signals encoding a given
clearly distinguished from the axon, as they ran horizontally in theodorant but distributed in multiple glomeruli need to
external plexiform layer while the axon initial segment always ex-
be bound together to produce a unified representation. tended vertically in the granule cell layer. A 150-W xenon lamp was
Though this process may occur in higher brain centers, used for fluorescence excitation. The excitation wavelength was
474496 nm, and the emission filter was 515545 nm. Ca2 imagesit is critical to preserve at the initial stages of olfactory
were acquired with a PentaMax frame-transfer CCD camerapathway the correlation of all glomerular signals in re-
(Princeton Instrument, Trenton, NJ) and Axon Imaging Workbenchsponse to a common odorant. Such a signal correlation
software (Axon Instruments, Inc., Union City, CA). All imaging datacan be encoded by synchronizing the oscillatory firing
are presented as a ratio of F over F. Ca2 signals were generally
of mitral cells that belong to different glomeruli (Singer sampled as the mean of the values for each pixel within a rectangular
and Gray, 1995; Laurent, 1996; Mori et al., 1999). Odor- region of 5  15 m.
In order to stimulate the granule cells to evoke an IPSP in thedriven neuronal synchrony has been found in many ol-
mitral cell secondary dendrites, a concentric bipolar stimulatingfactory systems ranging from insects to mammals
electrode with 25 m tip diameter was positioned in the granule(Buonviso, et al., 1992; Macleod and Laurent, 1996; Ka-
cell layer. To record directly from the secondary dendrite, we usedshiwadani et al., 1999). Because of the long extension
patch pipettes made from thick-walled borosilicate glass tubing (1.2
of secondary dendrites, the dendrodendritic inhibition mm outer diameter, 0.69 mm inner diameter) and with a resistance
appears not only to enhance local contrast but also to of 15–20 M	when filled with the above-described solutions for Ca2
imaging or a solution composed of 110 mM K-gluconate, 2 mMperform more global functions via mediating the mitral
MgSO4, 10 mM HEPES, and 2 mM K2-ATP (pH 7.2). Recordings werecell firing synchrony (Rall and Shepherd, 1968; Macleod
made mostly in current-clamp mode with an Axoclamp-2A dual-and Laurent, 1996; Shepherd and Greer, 1998; Mori et
channel amplifier and sometimes in voltage-clamp mode with anal., 1999). The gating of spike propagation in these den-
Axopatch-1D amplifier. The resting potential of recorded mitral cells
drites can therefore provide a dynamic mechanism to was 58.3  1.5 mV. The action potential amplitude was measured
couple and uncouple widely distributed glomerular from the spike threshold to the peak. In the voltage-clamp experi-
ments in which the activation threshold of dendrodendritic synapsesmodules for the processing of different odorants (see
was measured, 1 M of TTX was included in the bath solution tocolor-coded glomeruli in Figure 6).
block Na current, and the pipette solution contained 120 mM CsCl,Finally, by varying the extent of spike propagation
10 mM TEA-Cl, 20 mM HEPES, 10 mM phosphocreatine, 3 mM Mg-and thus the range and number of activated reciprocal
ATP, 0.2 mM Na3-GTP, and 0.2 mM EGTA, in order to block Ksynapses, the mitral cell also experiences a dynamic currents.
change in the strength of feedback inhibition. As excit- TTX (100 M) was puffed to the secondary dendrite by applying
10 pulses of pressure rapidly with a picospritzer. The puff pipetteatory synaptic inputs in the olfactory glomerulus gener-
diameter was 1–2 m. The pulse duration was 100 ms, air pressureally last for a long time and drive mitral cells firing repeti-
was adjusted at 15–24 psi, and the inter-pulse interval was 500 ms.tively (Nickell et al., 1996; Chen and Shepherd, 1997;
Action potential propagation was tested 5 s after TTX ejection. GABA
Carlson et al., 2000; Schoppa and Westbrook, 2001), (1 mM) was ejected by a single pulse of pressure through a puff
one important role of feedback inhibition is to determine pipette of 1–2 m tip size. The pulse duration was also 100 ms, and
the mitral cell inter-spike interval (Margrie et al., 2001). the air pressure was 15–18 psi. To test the effect of GABA inhibition
on spike propagation, a depolarizing current pulse was properlyAccordingly, the dynamic gating of spike propagation
timed so as to evoke a somatofugal action potential at the peak ofalong secondary dendrites can contribute to shaping
the GABA-induced inhibition.the temporal pattern of mitral cell activity. Since the
All data are presented as meanSD. Oregon Green-488 BAPTA-1
inhibition from distal synapses would have weak influ- and BAPTA-6F were purchased from Molecular Probes (Eugene,
ence on the firing of action potentials in the soma-axon OR). TTX was from Alomone Labs (Jerusalem, Israel), GABA from
Sigma (St. Louis, MO), bicuculline methiodide and SR-95531 frominitial segment, the dendrodendritic synapses located
RBI (Natick, MA).on the proximal secondary dendrites appear to be more
involved in the process of olfactory temporal coding,
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